Comprehensive understanding of the patterns and drivers of microbial diversity at a landscape scale is in its infancy, despite the recent ease by which soil communities can be characterized using massively parallel amplicon sequencing. Here we report on a comprehensive analysis of the drivers of diversity distribution and composition of the ecologically and economically important Phytophthora genus from 414 soil samples collected across Australia. We assessed 22 environmental and seven categorical variables as potential predictors of Phytophthora species richness, α and β diversity, including both phylogenetically and non-phylogenically explicit methods. In addition, we classified each species as putatively native or introduced and examined the distribution with respect to putative origin. The two most widespread species, P. multivora and P. cinnamomi, are introduced, though five of the ten most widely distributed species are putatively native. Introduced taxa comprised over 54% of Australia's Phytophthora diversity and these species are known pathogens of annual and perennial crop habitats as well as urban landscapes and forestry. Patterns of composition were most strongly predicted by bioregion (R 2 = 0.29) and ecoregion (R 2 = 0.26) identity; mean precipitation of warmest quarter, mean temperature of the wettest quarter and latitude were also highly significant and described approximately 21, 14 and 13% of variation in NMDS composition, respectively. We also found statistically significant evidence for phylogenetic over-dispersion with respect to key climate variables.This study provides a strong baseline for understanding biogeographical patterns in this important genus as well the impact of key plant pathogens and invasive Phytophthora species in natural ecosystems.
Introduction
Understanding biogeographic patterns in the richness, diversity and composition of communities has long been a goal in ecology. Communities often vary predictably across known gradients due to species-specific physiological constraints linked to temperature, edaphic factors and/or moisture availability (Whittaker 1967) . For microbes, addressing questions of spatial community diversity and composition has been historically challenging due to the incomplete knowledge of many microbial groups (Green et al. 2008 ). In the case of microbial groups containing known plant pathogens, especially those with broad host ranges that include diverse native hosts, understanding landscape-scale drivers of diversity and distribution of both native and introduced organisms is critical to predicting and managing potential threats to natural and managed ecosystems. The advent of culture-free, environmental sequencing methods for the characterization of microbial communities has greatly enhanced researchers' ability to examine patterns of diversity, species richness and community composition at multiple spatial scales (Stockinger et al. 2010 , Taberlet et al. 2012a , b, Tedersoo et al. 2014 , Orgiazzi et al. 2015 . Targeted amplicon sequencing has been a major boon to the field of microbial biogeography. Decreasing costs for deep sequencing of environmental and host-associated samples, have created opportunities for exploration and resulted in an explosion of such studies in recent years.
The genus Phytophthora (Stramenopiles; Oomycetes; Peronosporales) contains many serious plant pathogens impacting in agriculture, horticulture, forestry and natural ecosystems (Hansen et al. 2012) . Many species with a global distribution are pathogens of annual and perennial crops and fruit trees and were most likely introduced accidently to new regions during colonisation (Scott et al. 2013 ). These species are well known and well studied, but many recent surveys in relatively undisturbed natural ecosystems have uncovered new species with apparent limited distribution (Burgess et al. 2009 , Jung et al. 2017 .
As a consequence of historical bias toward sampling sites showing symptoms of disease and the ineffectiveness of traditional culturing methods for detecting Phytophthora, diversity in this genus is likely underestimated (Hüberli et al. 2000) . Likewise, little is known about the Phytophthora distribution or community composition across ecological gradients, particularly in natural ecosystems and at a continental scale. However, new techniques for identification are available based on the sampling of environmental DNA and metabarcoding through the use of high throughput sequencing (Català et al. 2015) . Burgess et al. (2017b) reported on Phytophthora diversity and distribution within Australia using metabarcoding of 640 soil samples and compared the diversity detected using this technique with that available in curated databases. The soil samples were collected from natural ecosystems in regions predicted to be suitable for the growth of Phytophthora cinnamomi (Burgess et al. 2017a) .
Phytophthora was detected in 65% of sites, and phylogenetic analysis revealed 68 distinct Phytophthora phylotypes. Of these, 21 were identified as potentially unique taxa and 25 were new detections in natural areas and/or new introductions to Australia. There are 66 Phytophthora taxa listed in Australian databases, 43 of which were also detected in this metabarcoding study. This study revealed high Phytophthora diversity in soil collected from minimally disturbed sites dominated by native vegetation.
In the current study, we used the database of Burgess et al. (2017b) to explore environmental predictors of Phytophthora distribution across the Australian range. This study aimed to 1) evaluate distribution of putative introduced Phytophthora in relation to ecoregions, habitat association and phylogeny, 2) determine if putative introduced Phytophthora replace native taxa 3) determine species richness and diversity across ecoregions, 4) determine if certain species co-occur more frequently than expected 5) examine a suite of environmental and climate variables as potential predictors of Phytophthora diversity, distribution and community composition, and 6) assess the degree to which community structure and/or community assembly is predicted by phylogenetic relatedness among Phytophthora species.
Methods

Data and variables
Data on the presence and absence of 68 Phytophthora species within 16 Australian ecoregions ( Fig. 1 ; Burgess et al. 2017b) were examined with respect to 22 continuous and eight categorical biotic, abiotic and landscape level variables (Table 1 , Supplementary material Appendix 1). Bioclim variables were extracted from Worldclim 20 March 2016 (< www.worldclim.org/ >) (Hijmans et al. 2005) .
Sites (n = 640) were sampled during the summer and autumn of 2013, 2014 and 2015 and were situated within native asymptomatic vegetation in Tasmania (TAS; 208 sites), Victoria (VIC; 84 sites), New South Wales (including the Australian Capital Territory) (NSW; 117 sites), Queensland (QLD; 20 sites) and Western Australia (WA; 211 sites) (Fig. 1) . At each site, soil was collected, air dried, sieved and ground as described by Burgess et. al. (2017b) . Autoclaved sand was used for sieving and grinding controls.
DNA was extracted from soil in duplicate, amplified with Phytophthora specific primers, pooled and sequenced according to the Roche GS Junior Sequencing Method Manual (March 2012) using GS Junior Titanium chemistry and GS Junior Pico Titre Plates (454 Life Sciences/Roche Applied Biosystems, Nutley, NJ, USA) as described in detail by Burgess et al. (2017b) . There were 9 seperate runs. In each run there were three types of process controls using autoclaved sand a) sieving controls (i.e. sand was passed through sieve and then processed as a sample) b) grinding controls (after each day of grinding samples, sterile sand was ground and then processed as a sample) c) DNA extraction controls (with each set of DNA extractions autoclaved sand was treated as a sample). Sieving, grinding and DNA extraction controls were assigned barcodes and taken through to the pyrosequencing step even though no product could be visualised on agarose gels.
The sequences that passed based on quality scores were imported into Geneious ver. R9 (< www.geneious.com/ >) and sorted into separate files based on their unique barcode. During this process the end adaptors, primers and barcode were automatically trimmed. For each barcode (sample) a de novo assembly was performed in Geneious and each molecular operational taxonomic unit identified firstly by blasting against a customised reference database and secondly by phylogenetic analysis in Geneious. The methodology is explained in detail in Burgess et al. (2017b) . The final identities are considered phylotypes acknowledging that their identity is based on sequence data rather than a living isolate. A phylotype was considered to represent a putative new species if it did not match any known species in the phylogenetic analysis. These phylotypes were named with a number representing the phylogenetic clade and a letter to distinguish between putative new phylotypes in the same clade.
Phytophthora origin and association
Each Phytophthora species was classified as either native or introduced based on patterns of diversity and distribution of representative clades, prior literature, and in some cases comparisons of genetic diversity (Burgess et al. 2017b ). Since origin, particularly for microbes, can be difficult to discern and is subject to historical sampling and geographic biases, our designations should be considered as working hypotheses; we have thus used the term putative to classify these species. We compared incidence across our sites based on native versus introduced status (herein: origin) and by ecoregion using rank-abundance curves and ANOVA. Additionally, we examined the relative proportions of native and introduced Phytophthora species in Australia using mosaic plots and contingency analysis as a function of both ecoregion and Phytophthora clade. Phytophthora species were also classified based upon their known associations (globally) with annual crops, perennial crops and the urban environment or natural ecosystems (Supplementary material Appendix 1 Table A1 ).
To examine co-occurrence patterns among putatively native and introduced Phytophthora species, we calculated Kendall's tau (τ) on native vs introduced species richness at the site scale. Kendall's τ is a non-parametric rank correlation coefficient that is more robust to ties as well as generally more conservative than (though similar to) Spearman's rho (Daniel 1990) . Correlations were performed on all species and on clades 2 and 6 (where both native and introduced species were relatively numerous) to test whether phylogenetic similarity might influence patterns, such as the likelihood of competitive exclusion, or alternatively, habitat or climate/ microclimate preferences. We compared mean site richness in sites where the four most widely distributed species (two introduced: P. multivora and P. cinnamomi; and two native: P. versiformis and P. boodjera) were present or absent using unpaired t-tests.
Species richness and diversity
Sample rarefaction was used to compare species richness across sites. Asymptotic (estimated) Phythophthora species richness was projected across Australia as well as for individual Australian states, bioregions and ecoregions using the Chao1 index. α and β diversity estimates were produced using numbers equivalents (Hill numbers; after (Jost 2007) in the vegan and iNext packages of R (Hsieh et al. 2014 , Oksanen et al. 2016 ). Community similarity metrics were calculated using the vegetarian package (Charney and Record 2012) . β diversity ( q β) was calculated using the vegetarian package in R (Charney and Record 2012) which supplies both within-group and pairwise between-group estimates (using numerical equivalents of Sørenson's, Horn and Morisita-Horn indices (Jost 2007) .
A Mantel test was used to examine the relationship between pairwise community similarity and physical distance between sites (Legendre and Legendre 2012) after (Mantel 1967) . Pairwise β-diversity estimates were compared visually across proximal versus distant sites. Finally, patterns of pairwise co-occurrence were examined using the R package 'cooccur' (Griffith et al. 2016 ).
Predictors of Phytophthora community composition
Non-metric multidimensional scaling (NMDS) using Jaccard's dissimilarity on species presence-absence data was performed using the 'metaMDS' function in the vegan package of R (Oksanen et al. 2016) . A minimum stress of 0.18 was achieved after 20 iterations when the model converged indicating that the data could be adequately represented by the first three ordination axes (k = 3, Supplementary material Appendix 1 Fig. A1 ). We used both vector fitting (function 'envfit') and generalized additive model (GAM) regression (function 'ordisurf ') to fit NMDS axes 1 and 2 for 22 continuous and eight categorical biotic, abiotic and landscape level variables (Table 1 , Supplementary material Appendix 1), also in vegan. We then compared all possible models containing between one and six predictors with the goal of selecting the subset of variables that maximizes the Spearman's rank correlation between the Gower distance matrix (which allows for the inclusion of categorical variables) for each subset of predictors and the community dissimilarity matrix using the 'bioenv' function in vegan (Clarke and Ainsworth 1993, Oksanen et al. 2016) . The maximum number of predictors was set to six to limit computational time. The optimal model was chosen that maximized Spearman's rho (ρ) subject to the constraint that only minimally correlated predictors could be included in the same model (Clarke and Ainsworth 1993) .
Phylogenetic relationships
To partition community dissimilarity results for Phytophthora among sites into a shared species and evolutionary relationships component, we used the phylogenetic community dissimilarity (PCD) metric developed by (Ives and Helmus 2010) and implemented in the picante package of R (Kembel et al. 2010) . The 'pcd' function in picante accepts as a parameter a root phylogenetic tree (in the newick format), here selected at random from the top (equivalent) trees produced by a maximum likelihood analysis based on the ITS1 genes for the 68 species of Phytophthora detected in this study together, with a community matrix (in this case a site by species presence-absence matrix). The PCD approach allows for the simultaneous estimation of the community dissimilarity (PCD c , based on shared species) and phylogenetic dissimilarity (PCD p , which reflects the evolutionary relatedness among non-shared species) (Ives and Helmus 2010) . We then examined the relationship between the PCD c , PCD p and PCD total distance matrices and each quantitative predictor variable using Spearman's ρ.
Data deposition
Data available from the Dryad Digital Repository: < https:// doi.org/10.5061/dryad.r7bn134 > (Burgess et al. 2018) .
Results
Phytophthora origin and association
Phytophthora was detected using HTS at 414 of 640 sampled sites. Of the 68 Phytophthora taxa detected, 37 (~54%) were putatively introduced into Australia (Burgess et al. 2017b , Supplementary material Appendix 1 Table A1 ). The breadth of species occurrence across sites also varied widely as most taxa were rare, with the majority (~72%) occurring in less than 5% of sites (Fig. 2 , Supplementary material Appendix 1 Table A1 ). Putatively introduced taxa are widely distributed, with the most frequently detected species being two well known introduced species, P. cinnamomi and P. multivora (Fig. 2a) .
Native and introduced Phytophthora taxa are unevenly distributed across land use designation (agriculture, horticulture, natural; χ 2 = 20.0, df = 5, p = 0.001). Although all samples in the current study were collected from beneath native vegetation, we detected nine species previously considered to be exclusively associated with annual crops or perennial crops, urban landscape and foresty. All these species are considered to be introduced (Fig. 2b ). They were mostly rare, but P. syringae, P. chlamydospora and the P. europea complex were detected from 2-4% of sites (Supplementary material Appendix 1 Table A1 ). In contrast, the majoritory of species previously known exclusively in the natural environment were considered native (25 of 36, or ~69%).
Overall, there was no difference in the mean number of sites (t = -0.07, df = 64.2, p = 0.945) or ecoregions (t = -0.51, df = 65.4, p = 0.62) occupied by native and introduced species.
Additionally, there were no significant differences in the relative proportion of native versus introduced Phytophthora species for any of the individual ecoregions (Fig. 2c) . Interestingly, there were marked differences (χ 2 = 26.4, df = 9, p = 0.002) in the distribution of native and introduced Phytophthora species between phylogenetic clades (Fig. 2d) . All species in clades 3, 9 and 10 were classified as putatively native, while all species in clades 5 and 7 and almost all species in clade 8 are considered to have been introduced. We found a strong positive correlation between native and introduced Phytophthora species richness at the site (r = 0.61, df = 412, p < 0.0001; Fig. 3a ) and ecoregion scales (r = 0.92, df = 14, p < 0.0001; not shown). This relationship was likewise positive when only considering phylogenetically similar species in clade 2 (Kendall's τ = 0.17, p = 0.002; Fig. 3b) . A positive but non-significant relationship was also observed for clade 6 (τ = 0.04, p = 0.57; Fig. 3c ). Mean site richness was higher in sites where the two most common and widely distributed introduced species were present, namely P. cinnamomi (t = 9.7, df = 356.3, p < 0.0001) and P. multivora (t = 15.2, df = 411.8, p < 0.0001). Richness was likewise higher in sites where the two most common native Phytophthora species (P. versiformis and P. boodjera) were present (t = 5.3, df = 311.6, p < 0.0001 and t = 7.2, df = 223.9, p < 0.0001 respectively; Supplementary material Appendix 1 Fig. A2 ).
Species richness and diversity
The Chao1 index, which corresponds to the lower boundary of estimated species richness, was 73.5 ± 4.6 across all sites, slightly higher than the observed species count of 68 (Supplementary material Appendix 1 Table A2 ). Mean species richness per site was 5.0 ± 0.2 (± SE; range 1 to 17). α diversity derived from Hill numbers (rarefied or extrapolated as appropriate to 10 sampling sites) also varied by ecoregion, ranging from 2 (CI 95 = 1.1, 2,9) for Murray-Darling Woodlands and Mallee (AA1207) to 22.8 (19.0, 26.6) in Tasmanian Central Highland Forests (AA0411) for q = 0 (corresponding to species richness; Fig. 4a ). In general, patterns in α diversity were similar across values of q with only minor reordering of ecoregions (Supplementary material Appendix 1 Fig. A3) .
A Mantel test showed very weak but significant community similarity among sites only at the smallest spatial scale (Fig. 5) . Similarity was positive from zero up to at least 108 km (first solid dot; Mantel's r = 0.061, p = 0.001) but was indistinguishable from zero at greater distances, prior to becoming significantly negative at around 1800 km.
β diversity among ecoregions as measured by the Sørensen (q = 0), Horn (q = 1) and Morista-Horn (q = 2) similarity indices was variable among ecoregions (Fig. 4b , Supplementary material Appendix 1 Fig. A3 ). For q = 0, estimates ranged from 0.26 ± 0.14 to 0.79 ± 0.25 for within-ecoregion similarity and 0.03 ± 0.02 to 0.26 ± 0.12 for mean between ecoregion similarity (Fig. 4b) . Rank order β diversity among ecoregions was similar across levels of q (Supplementary material Appendix 1 Fig. A3 ). Community similarity was uniformly higher within ecoregions than the mean pairwise similarity between all other ecoregions (paired t = 3.5, df = 15, p = 0.003). In general, as community similarity within ecoregions increased, pairwise differences with other ecoregions diverged more strongly (i.e. the difference between 'within' and 'between' estimates increases; Fig. 4b ). Within ecoregions similarity was strongest for the Tasmanian Temperate Rain Forests (AA0413) followed by Tasmanian Central Highland Forests (AA0411) and most Patterns of co-occurrence of Phytophthora were calculated for 539 species pairs, or 23.6% of all possible pairwise comparisons. The remainder had an expected co-occurrence frequency of < 1 site and were culled from the analysis. Of the pairs considered, most were randomly distributed among sites with respect to one another (i.e. expected and observed frequencies of co-occurrence were roughly equal). Of those that showed evidence of non-random co-occurrence patterns, the vast majority (189 of 205, or 92%) were positively associated while only 16 (8%) were less likely to co-occur than random (Fig. 6 ). Several species, P. thermophila, P. inundata, P. cf cryptogea, P. multivora, P. elongata, P. cinnamomi and P. pseudocryptogea showed the most positive correlations, and were also the most frequently detected species across sites. No particular patterns with native versus introduced species were observed.
Predictors of Phytophthora community composition
Of the 30 environmental and landscape predictor variables (Table 1) , all of the 22 continuous variables and seven of the eight categorical variables were significantly related to the Phytophthora community (i.e. species composition at a site level) using vector fitting to the NMDS ordination (α < 0.05; Table 1 ). Many environmental variables were correlated; in general the temperature variables were positively correlated, along with latitude and precipitation seasonality (bio-15) while all other precipitation variables were correlated with longitude and elevation (Supplementary material Appendix 1 Fig. A4 ). Associated models accounted for between 3 and 21% of variation for the continuous variables, and between 2 and 29% for the categorical variables. In general, categorical variables performed better as predictors of Phytophthora community, with Bioregion (32 categories, Supplementary material Appendix 1) performing the best overall (R 2 =0.29). Ecoregion (16 categories, Supplementary material Appendix 1) performed only slightly less well (R 2 = 0.26; Fig. 7d ), but had the desirable property of dividing sampling sites into a tractable number of mostly well-represented groups, and so was retained for the calculation of aggregated α and β diversity measures. Soil type, lithology and land use showed minimal explanatory power (R 2 = 0.04, 0.025, 0.054, respectively), although all categorical variables except lithology showed statistically significant relationships (Table 1) .
Among the continuous climate variables, those linked to warm and wet season precipitation dominated as the strongest predictors. Mean precipitation in the warmest quarter was the best overall continuous predictor (R 2 = 0.21, Fig. 7a ), while mean precipitation in the wettest quarter (R 2 = 0.13) and month ranked 3rd and 4th. Mean precipitation in the cold and/or dry parts of the year was among the weakest predictors. Temperature variables were moderately important, with mean temperature in the wettest quarter being the best of these (R 2 = 0.11, Fig 7b) . Latitude was the second best predictor (R 2 = 0.14, Fig. 7c ), but longitude (R 2 = 0.05) and elevation (R 2 = 0.05) showed little explanatory power. The proportion of deviance explained, conceptually similar to R 2 values from linear models, showed broad correspondence with R 2 from the vector fitting approach, apart from the inclusion of temperature isothermality (i.e. the ratio of mean monthly to annual temperature variation), as an important predictor (dev. expl. = 0.193) and increased importance of precipitation seasonality (dev. expl. = 0.154; Table 1) .
When considering all possible models containing between 1 and 6 predictors, a 4-parameter model containing mean temperature of the wettest quarter, mean precipitation of the warmest quarter, ecoregion and vegetation showed the strongest correlation between the ranked distance among sites based on community and environmental parameters (r = 0.143). Removing sites with only one Phytophthora species (n = 49) only marginally increased the correlation between distance ranks (to 0.168).
Phylogenetic relationships
Analysis of phylogenetic community dissimilarity (PCD) resulted in significant but relatively weak rank phylogenetic correlations with environmental variables, ranging from -0.009 for annual temperature range to -0.143 for precipitation in the warmest quarter (Fig. 8) . All of the 16 significant PCD p values were negative, suggesting a general trend toward overdispersion. PCD c values, in contrast, were uniformly positive ranging from 0.008 to 0.176. The PCD c values were highly correlated with the R 2 values from envfit (r = 0.92, df = 20, p < 0.0001) lending credence to the validity of the approach. PCD p values were also significantly correlated with the R 2 values (r = -0.85, df = 20, p < 0.0001).
Discussion
Across Australia, soil was collected from natural ecosystems in regions predicted to be suitable for the growth of Phytophthora. With the exception of the tropics, the most common species were widely distributed, well exceeding the diversity and distribution of species known from disease records and reported in databases. Environmental gradients, specifically temperature during the wettest quarter and percipitation of the warmest quarter, influence Phytophthora community composition, though no single predictor (or combination of predictors) explained more than one third of variation in the NMDS ordination. Community composition showed moderate spatial structuring and was most strongly predicted by bioregion and ecoregion. PCD models of community composition did not reveal a particularly compelling reason to incorporate phylogenetic information into models of community composition; while 17 of 22 Figure 6 . Pairwise co-occurrence matrix for a subset of Phytophthora species that exceeded a minimum threshold of expected co-occurrence (> 1 site). Blue and orange squares correspond to species pairs that were more and less likely to co-occur than predicted by chance based on comparison with unbiased null model distributions.
predictors showed a statistically significant role for including evolutionary relationships among species but correlations were weak.
The primers used in this study were highly specific for Phytophthora, and together with a well-supported phylogeny, we obtained depth and resolution, which allowed us to establish biogeographic patterns of richness and diversity and community changes across environmental gradients. Such results have proven challenging to obtain in studies targeting a broader array of microbes (Lemos et al. 2011) . Traditionally, soil samples are taken from the rhizosphere of symptomatic plant species and Phytophthora isolated using standard methodologies (Erwin and Ribeiro 1996) . In our current study, samples were collected from asymptomatic natural vegetation, and Phytophthora was detected from 64% of the sites sampled. In all comparative studies to date, number of species detected by high throughput sequencing (HTS) far exceeds those recovered using traditional isolation techniques (Vettraino et al. 2012 , Vannini et al. 2013 , Català et al. 2015 .
Drivers of Phytophthora distribution and community composition
As predicted, community similarity was higher in proximal sites (up to 108 km), though this spatial patterning was not strong, partly since many Phytophthora species were widely distributed. There was a clear role for rainfall influencing community composition as precipitation gradients in both the warmest and wettest months were consistently the most important. Temperature, also in the wet season, appears to play a role. The importance of these variables is perhaps not surprising given the unique life history of the group. Phytophthora is a 'water mould' and in general is highly dependent on warm and wet soil conditions to disperse via swimming spores. Some species produce resistant resting structures such as thick walled oospores or stroma and would be better able to survive hot dry summers (Rea et al. 2011 , Crone et al. 2013 , while those with better saprophytic ability can survive in warm wet biologically active soils and water (Brasier et al. 2003 , Jung et al. 2011 , Marano et al. 2015 . For other species, moisture in summer and warm winters are more favourable than dry summers and cold winters, while some species can survive at lower winter temperatures (Erwin and Ribeiro 1996, Martin et al. 2012) . That said, the greatest disease expression is seen in Mediterranean regions of WA where the summer is hot and dry. However, in this climate the wet and comparably warm winters are very favourable for infection and the pathogen survives the dry summers within its host (Desprez-Loustau et al. 2006 , Burgess et al. 2017a . Interestingly, the best predictors of composition overall were categorical proxies for both biotic and abiotic variability in the landscape, namely bioregion and ecoregion. This perhaps suggests that these Phytophthora species are either responding directly to types of hosts, or to a more complex suite of environmental variation (including history of disturbances such as fire and grazing) than we were able to measure, even when considered in multi-factor models. The moderately weak performance of the environmental variables considered could also be due to a mismatch with the spatial scale of variation to which Phytophthora is responding. From a practical standpoint, this could indicate that the community structure in this group, or perhaps more broadly for microbes in general, may currently be best understood using aggregate measures of habitat and host.
Partitioning phylogenetic similarity (or phylogenetic β diversity) with respect to environmental factors allows for the incorporation of knowledge of relationships among species as a potential driver of community compositional similarity. For example, an overdispersed phylogenetic signal (PCD p ) might indicate that closely related species have diverged along key axes of habitat or niche requirements, perhaps as a result of character displacement. In contrast, an aggregated (or underdispersed) pattern might indicate that related species tend to share habitats and/or respond similarly to gradients. Across the board, the phylogenetic correlations behind Phytophthora community structure were relatively weak; however, the majority of environmental variables favoured overdispersion, which could indicate moderate character displacement among closely-related species (e.g. they are utilizing niches that diverge more than predicted by shared ancestry) or that niche diversification is a prerequisite for sympatric speciation (Pfennig and Pfennig 2010) . 
Patterns of introduction
We categorised species as native or introduced and provided a known habitat (annual crops, perennial crops and forestry or natural ecosystem) based upon available literature (Burgess et al. 2017b) . We acknowledge that in the future, with additional studies, these classifications may change, although it should be noted that agricultural systems are well studied, and most new Phytophthora species have been recognised from within natural ecosystems (Scott et al. 2013 ). Unsurprisingly, all species known only from crops were considered introduced, while most of the species found only in Australian natural ecosystems were considered native. Native species have been found in perennial crops and forestry, but only a single species, P. macrochlamydospora, considered to be native, has been found associated with annual crops, in this case soyabeans (Irwin 1991) .
The two most common species, P. cinnamomi and P. multivora, are both considered to be introduced and have been recovered extensively from managed as well as native ecosystems. Phytophthora cinnamomi has long been recognised in Australia (Burgess et al. 2017a ), but P. multivora is a recently described species, previously mis-identified as P. citricola (Scott et al. 2009 ). All records of P. citricola isolated from agriculture and urban settings in Australia have been reclassified as P. multivora (Burgess et al. 2009 , Barber et al. 2013 , Dunstan et al. 2016 ). Many of the other more common species detected in this study such as P. plurivora, P. pseudocryptogea, P. nicotianeae and P. niederhauseri are also considered to be introduced, and associated with agriculture and horticulture. As such, the pathway of introduction into the natural ecosystem of Phytophthora species appears to be through food production (Santini et al. 2018) , with the species most likely to invade natural ecosystems being those that can cause disease in perennial plants. The urban and periurban environment is also seen as a main pathway for the introduction of new pathogens into natural ecosystems (Hulbert et al. 2017) and plant production nurseries play a major role in this pathway as had been demonstrated for the introduction of new Phytophthora species into natural ecosystems in Europe (Jung et al. 2015) . Our sites were all in natural ecosystems, and yet we were just as likely to recover an introduced as native species. This is a reflection of just how common these introductions have been historically and how long and well established they are in Australia, even though in modern times quarantine regulations in Australia prohibit imports through the nursery trade (Eschen et al. 2015) .
The richness of putatively introduced species was positively correlated with overall Phytophthora species richness. For vascular plants similar observations led to the theory of the 'rich get richer' (Stohlgren et al. 1999 , Fridley et al. 2007 ) whereby habitats rich in native species will have a greater capacity to accept additional non-native species. Thus, our data conforms with the 'rich get richer' paradigm and demonstrates that competitive exclusion does not appear to be acting in Australian Phytophthora communities as a consequence of invasion. This is also true when the most dominant invaders (P. cinnamomi and P. multivora) were specifically considered. However, Phytophthora species in general are poor saprophytes and need to survive within their host, even when conditions are not conducive to disease. Thus, patterns of species richness could be a reflection of host diversity (which was not measured in this study). Facilitation among Phytophthora species is also a possibility, as is higher connectance with anthropenic pathways in rich sites that promotes colonization by both native and introduced forms. Additional work is necessary to evaluate among these and other hypotheses. However, competitive exclusion of native by introduced Phytophthora is not supported.
Implications for conservation
The role of native plant pathogens in structuring ecosystems, including promoting diversity in the vegetation layer, has received considerable attention recently (Bagchi et al. 2014) . Despite this, in most natural landscapes very little is known about soil and/or host-associated microbial diversity, including for Phytophthora. In light of changing climate, it is highly likely that latitudinal and/or elevational range shifts and altered microsite conditions will influence patterns of local and regional co-occurrence between plants and microbes. With such novel interactions come the potential for disease outbreaks which in some cases can be catastrophic. The finding that approximately half of the Phytophthora diversity in Australia is likely introduced is of particular concern. These species were widespread, even at high elevation and in relatively pristine habitat, suggesting that dispersal is not strongly limiting. The strongly positive correlation between introduced and native species richness further indicates that introduced Phytophthora species are responding to resource gradients in ways similar to native species, and are not limited to disturbed, or low diversity sites. This pattern likewise indicates that processes of competitive exclusion among these species in the soil layer are minimal.
While the introduced species P. cinnamomi is a long established and well known pathogen of natural ecosystems (Weste and Marks 1987, Burgess et al. 2017a) , and P. multivora is an emerging problem (Scott et al. 2009 , Puno et al. 2015 , the impact of the observed unknown Phytophthora species diversity in Australia, or indeed elsewhere, is not readily apparent. Multiple new species were detected and other known species recorded for the first time in Australia, and yet the overall impact is currently non-catastrophic. That said, this unknown pool could have major conservation implications in natural areas into the future especially with a warming climate. Unexpectedly, numerous Phytophthora species were detected from Australian alpine ecosystems where low temperatures were thought to prevent their survival Scott 1994, DesprezLoustau et al. 2007 ). Until recently, there had been no surveys for Phytophthora species in alpine areas because they were assumed not to be there. With climate change expected to make alpine areas vulnerable to invasion by warm-adapted species (Pauchard et al. 2015) , there is an urgent need to obtain baseline data on Phytophthora distribution there so that change can be detected and its effects interpreted. Additionally, it is becoming clear that many Phytophthora species are functioning as damping-off pathogens in natural ecosystems (Laliberté et al. 2015) , and thus introduced species may be exerting subtle effects on vegetation composition, dominance and succession without major ecosystem disruption. Detailed temporal studies would be required to elucidate this. Across Australia, and globally, management protocols to restrict the impact and introduction of P. cinnamomi will be equally as effective for other Phytophthora species. It is vital that these restrictions of traffic movement and hygiene for vehicles and walking tracks remain in place to conserve plant diversity in presently and potentially (i.e. alpine) vulnerable ecosystems.
Phytophthora species are predominantly known for the diseases they cause to crops and trees of economic importance, and as such they have global distributions and in many cases unknown origins. It is only recently that putative native Phytophthora species with restricted ranges have been uncovered in natural ecosystems. As such, the underestimation of diversity globally means that there are no baseline data to accurately determine origin and host range and inform and predict patterns and pathways of movement. We know these species can move globally on asymptomatic plant material (Brasier 2008 , Migliorini et al. 2015 and that new host combinations in new environments can have devastating consequences. As global information has always been biased to pathogens of plants of economic importance, a coordinated approach of systematic sampling globally based on ecoregions and from a broad range of land uses would provide this much needed baseline data. Until recently such a project would have been unrealistic, but with the meta-community approaches available, the eDNA obtained can be used for a vast array of targeted studies not only soil pathogens such as Phytophthora, but also mycorrhizal, endophytic and bacterial community analysis.
